I. INTRODUCTION
The invention of the beam balance most likely originated with the development of commerce and trade within the Neolithic era around 5000 B.C. 1 The oldest artifacts of beam balances and weights, which were first used by the Egyptians, are from about 3300 B.C. The history is so long that the word "balance" comes from the Latin word bilanx, which means "two pans." The earliest physical balances used a beam which was supported at the center with pans hung from both ends by cords. A later improvement in the design by the Romans, about 100 A.D., used a pin through the center of the beam for the central bearing. 1 The development of balances with regard to sensitivity, precision, and ease to operate occurred slowly over millennia until technical requirements for chemistry, toward the end of the 18th century, led to significant advancements in resolution to maximum load (<10 −9 ). The modern analytical balance design is credited to the Scottish chemist Joseph Black who developed the technique using a light weight, rigid beam supported on a knife-edge fulcrum. 1 Although there have been hundreds of improvements on the equal arm balance, the fundamental design served the scientific community for over 200 years from 1750 to 1950; however, the measurements were time consuming and tedious. The typical resolution in mass was about 0.1 mg and the most advanced designs could measure mass changes of about 0.001 mg (1 μg).
2 Some of the technical improvements during this period included pan brakes, magnetic damping of beam oscillation, built-in weight sets operated by dial knobs, and microprojection reading of the angle of beam inclination. The balances were often enclosed in wood and glass cases to minimize air currents and humidity effects. Ehrhard Mettler began the commercialization of the single-pan weighing balance in 1947, which remained the standard until the development of electronic balances around 1970. 3 Between 1981 and 1988, a UK Science and Engineering Research Council (SERC) project funded the development of the first computer controlled gravimetric microbalance at the University of Birmingham. The initial design, developed by Benham and Ross, was unique as it incorporated a computerized data acquisition system, automated pressure control, the ability to obtain measurements at pressures up to 1 MPa, and a balance dampening system to increase the stability of the mass measurements. 4 The initial concept was further refined and developed into the intelligent gravimetric analyzer (IGA) instrument which became commercially available from Hiden Analytical in 1992 and is described in detail in Sec. II. Hiden Analytical (now Hiden Isochema Ltd.) further developed their instrumentation platform with the addition of the Dynamic Vapor Sorption Analyzer (IGAsorp) instrument in 1997 which is specifically designed for vapor sorption measurements and is described in Sec. III. Most recently, in 2013, Hiden introduced the magnetically coupled XEMIS microbalance which can operate at pressures up to 20 MPa and handle corrosive gases as described in Sec. IV.
II. INTELLIGENT GRAVIMETRIC ANALYZER
The IGA microbalance is a unique instrument which can measure changes in sample mass as a function of temperature, pressure, and gas composition. The analyzer can handle multiple, controllable, gas inlets and can be integrated with a mass spectrometer. The IGA method provides real-time gravimetric data to determine both kinetic parameters and predict sorption equilibrium simultaneously. 5 For this reason, the IGA instrument has been utilized to study gas sorption for a broad range of materials including solid adsorbents [e.g., zeolites, carbons, metal organic frameworks (MOFs), etc.] and ionic liquids (ILs). 6 During the time period from 1992 to 2004, approximately 100 papers were published using the IGA microbalance, and research publications have continued to increase a) Author to whom correspondence should be addressed: mark.b.shiflett@ku. edu exponentially as shown in Fig. 1 . It is currently estimated that more than 1000 papers have been published with results measured using an IGA microbalance. Gravimetric microbalance instruments were initially developed to measure the chemisorption of hydrogen in pure metals and metal alloys and to gravimetrically track the pressure-composition-temperature curves. 4 [56] [57] [58] [59] [60] [61] [62] Today, significant research on gas adsorption continues to be published using the IGA microbalance. For example, several researchers have recently investigated solid adsorbents for CO 2 capture applications [63] [64] [65] [66] [67] [68] [69] and others have used the IGA microbalance to measure the sorption capacity for a variety of other noncorrosive gases. [70] [71] [72] [73] [74] [75] [76] [77] While most IGA microbalance measurements are focused on the solubility and diffusivity of gases, the instrument can also be configured with a liquid reservoir to study the sorption properties of aqueous 49, [78] [79] [80] [81] [82] [83] [84] [85] [86] and organic [87] [88] [89] [90] [91] [92] [93] vapors. The IGA instrument can be operated in two modes for vapor sorption analysis. First, the IGA can be operated in "static mode" where a vapor is generated using the vacuum system by creating a controlled partial pressure of the liquid. Alternatively, the system can be configured in "dynamic mode" where an inert gas (i.e., helium) contacts the liquid and generates a saturated vapor stream with a specified partial pressure controlled by the temperature of the vapor generation cell. In both configurations, the vapor is admitted to the sample environment, where it contacts the adsorbent and the mass is measured. Fletcher et al. demonstrated that operating the balance in static and dynamic modes does not significantly impact the thermodynamic vapor sorption capacity of the sorbent. 94 However, multiple studies have shown that a helium carrier gas decreases the kinetic rate of adsorption for vapor species by disrupting the mean free path of the sorbate molecules, thus reducing the rate of gas phase diffusion. 49, 94 While gravimetric techniques are particularly useful for obtaining single component gas sorption measurements, there is a significant need to study competitive adsorption with mixed gases. Unfortunately, few techniques exist which can measure simultaneous adsorption of mixed gases since decoupling the mass contributions of each sorbate is difficult. 95 Fletcher et al. devised a method of measuring the competitive adsorption of a gas + vapor mixture using the IGA microbalance in a two-step process. 94 First, adsorption of the mixed sorbate species is accomplished by flowing the mixture over the adsorbent. Subsequently, temperature programmed desorption (TPD) is used in conjunction with an on-line mass spectrometer to quantify the relative amounts of each volatile component present. The method successfully demonstrated a technique to simultaneously measure multicomponent sorption using the IGA microbalance with an on-line mass spectrometer; however, continued development in this area is needed.
In addition to gas sorption experiments, the IGA microbalance can be utilized for material characterization experiments including thermal gravimetric analysis (TGA) 96, 97 and TPD. 98, 99 These techniques are especially useful when the instrument is coupled to an on-line mass spectrometer. The combined methods provide simultaneous gravimetric and gas phase analysis for the complete characterization of a sample.
The IGA microbalance has also been used to measure the solubility of gases in a new class of materials called ionic liquids. ILs are salts which have melting points below 100°C. A unique property of ILs is their extremely low vapor pressure (i.e., < 0.001 Pa), which makes it possible to measure the gas solubility using a gravimetric microbalance (i.e., negligible volatility). Maginn, Brennecke, and coworkers were the first to study the solubility of CO 2 in imidazolium based ILs using an IGA microbalance. [100] [101] [102] Research continues to be conducted in this area with recent studies focused on new ILs with enhanced CO 2 solubility. [103] [104] [105] [106] The IGA balance has been used to study the solubility of a wide range of gases in ILs including: H 2 , O 2 , N 2 , CO, CO 2 , Ar, Xe, Kr, SO 2 , H 2 S, N 2 O, NO 2 , NH 3 , H 2 O, hydrocarbons, and hydrofluorocarbons. 107 The solubilities of more than 20 fluorocarbon gases in ionic liquids have also been measured using an IGA microbalance. 5, [108] [109] [110] [111] [112] [113] [114] [115] [116] The solubility results have been used to characterize hydrogen-fluorine bond interactions between hydrofluorocarbon gases and fluorinated IL anions with applications for the selective separation of refrigerant gases. 112 The IGA microbalance was used to measure the solubility of CO 2 in 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [ solubility results agreed to within ± 0.5 mol.% with the published data highlighting the accuracy and reproducibility that can be achieved using an IGA microbalance. Therefore, the IGA can be used to verify the accuracy of other gas sorption measurement techniques. The IGA microbalance, shown in Fig. 3 , is composed of a balance beam which is connected to a sample cup and counterweight by a series of hangdown wires and hooks. The IGA microbalance operates at pressures ranging from vacuum (10 −10 MPa) to 2 MPa and temperatures between 77 and 1273 K. Application specific sample cup geometries exist for the IGA including Pyrex bulbs for liquid samples, stainless-steel baskets and screens for solid materials, and quartz containers for high-temperature applications (T > 1000 K). The IGA instrument utilizes a force balance method to determine the mass of a sample in a pressure and temperature controlled environment by detecting incremental changes in the position of the balance beam which moves in response to buoyancy and gravity forces acting on the components within the system. The IGA balance has a mass resolution of 0.1 μg and is capable of measuring gas solubility with an accuracy better than ± 0.5 mol.% (± 0.1 mass%) for sorption experiments with ILs. The IGA can be used with a range of noncorrosive gases and vapors in combination with solid and liquid phase samples (i.e., <100 mg).
The IGA microbalance is fully automated and controlled using the HIsorp software program providing precision pressure and temperature control. The IGA system is equipped with a pair of foreline and turbomolecular pumps which can Table I , see text for explanation of temperature profile shown.
050801-3 Minnick et al.: Gas and vapor sorption measurements using electronic beam balances 050801-3 achieve vacuum pressures of approximately 10 −10 MPa. The vacuum pumps are especially useful for in situ sample pretreatment, where volatile impurities including moisture can be removed from the sample prior to analysis. The pressure within the balance is regulated by a pair of motorized admit and exhaust valves and is measured by a pressure transducer which maintains an accuracy of ± 0.05% of range. The IGA instrument can be equipped with multiple pressure transducers for accurate low (< 0.1 MPa) and high pressure (0.1-2 MPa) measurements. Gas sorption measurements can be conducted in "static mode" where a specified gas pressure is maintained within the system by the admit/exhaust valves. Alternatively, the IGA can be operated in "dynamic mode" where a mass flow controller (MFC) regulates the flow rate of a gas (max 500 cm 3 min
) which passes over the sample and is exhausted out of the balance. When operated in dynamic mode, the IGA balance can be coupled to an on-line mass spectrometer through a heated transfer line for direct gas phase analysis. In this configuration, dynamic mode is especially advantageous for TGA and TPD experiments.
Temperature control within the microbalance can be divided into three primary zones including the balance, counterweight, and sample chambers. The balance chamber is continuously maintained at a constant temperature by a band heater (i.e. 318.2 K). Both temperatures are measured by resistance temperature detector (RTD) probes and recorded in real time by the HIsorp software program. The sample temperature is measured by an in situ RTD (optional thermocouple) temperature probe which is accurate to ± 0.1 K. A variety of attachments are available to regulate the sample temperature including a jacketed water bath for sample temperature control between 278 and 358 K (± 0.05 K). A furnace is also available for high-temperature applications up to 773 K when used with the stainless-steel sample vessel and 1273 K when used with a specialized quartz sample vessel (± 1 K). For increased flexibility, a combined water bath and furnace heater (combi-bath) is available, which combines the water bath and furnace into a single unit permitting temperature control over a broad range from 278 to 773 K. Finally, a cryofurnace is available for subambient temperature measurements as low as 77 K (± 1 K).
Calculating gas solubility measurements using the IGA instrument requires solving a force balance to correct for the buoyancy forces acting on the microbalance components. The buoyancy correction is formulated according to Archimedes' principle, which states that the buoyant force applied to an object acts in an upward direction and is equivalent to the volume of the displaced fluid. A general equation used to compute the buoyant force (F b ) acting on an object is shown in Eq. (1), where g is the gravitational acceleration, V i is the volume of the object, and ρ g is the density of the gas surrounding the object at a known temperature and pressure (T,P). Gas phase density data was calculated using the NIST REFPROP v.9.1 database which contains thermodynamic and transport properties for more than 80 compounds:
Components within the microbalance are constructed from materials with known densities. The volume of the components can be computed from mass (m i ) and density (ρ i ) data as shown in Eq. (1). A summary of the components within the IGA microbalance which are used in the buoyancy correction is shown in Table I . The general force balance equation used to correct the gas solubility for buoyancy is shown below:
Expanding Eq. (2) to include each microbalance component in Table I and canceling the gravity terms yields a mass balance equation which is shown below:
In addition to the previously defined terms, m s is the mass of the sample, m a is the mass of the absorbed gas, and C f is a balance correction factor used to account for nonideal changes in the balance reading due to pressure and temperature effects. The correction factor is measured by conducting a preliminary experiment without the sample at each experimental temperature and pressure condition using the selected gas. The correction factor is minimally affected by the approximation of temperature within the IGA system. For instance, if the balance beam is maintained at a constant temperature of 318.2 K, while the counterweight is at the lab temperature (e.g., 298.2 K) and the sample temperature changes based on the experimental setpoint; then temperature gradients exist within the balance which impact the density of the gas interacting with the hangdown wire components. To obtain an accurate temperature profile, an infrared thermometer was used to measure the temperature at multiple points along the sample and counterweight sides of the balance. For the sample side, multiple experimental temperatures were explored to investigate the impact of sample temperature on the stainless-steel tube which contains the upper sample side gold hangdown chain. Similar studies were also conducted on the counterweight side of the balance and the temperature profile results are shown in Fig. 3 . The experimentally measured temperatures and hangdown wire lengths were used to develop two empirical correlations to approximate the temperature gradients in the balance. Utilization of these equations for computing the buoyancy of the upper sample and counterweight gold hangdown chains reduces the magnitude of the correction factor. With the incorporation of the temperature profile, the correction factor is typically less than 0.1 mg and its magnitude is directly proportional to pressure while inversely proportional to temperature.
The absorption of a gas into a liquid sample can result in the liquid volume expanding (i.e., volume expansion). For ionic liquids, the volume expansion can be significant, especially when investigating the solubility of hydrofluorocarbon gases. MPa, where the solubility of R-22 was measured to be 81.8 mol.%. This data point represents an extreme case, where the experimental pressure of R-22 is close to its saturated vapor pressure at 298.2 K (P Sat = 1.0439 MPa). Under these conditions, volume expansion of the IL is maximized as the gas becomes increasingly dense and its solubility approaches 100%. In general, volume expansion is primarily a function of gas solubility and is therefore greatest at low temperatures and high pressures.
For gravimetric microbalance measurements, volume expansion has an effect on the buoyancy of the liquid sample which directly impacts the calculated gas solubility. For instance, the volume expansion of [emim][Tf 2 N] + R-22 at 298.2 K and 0.890 MPa results in a 0.5 mol.% difference between the uncorrected and volume expansion adjusted solubility measurements. Shiflett and Yokozeki previously showed that volume expansion of an IL could be approximated using a mole fraction average of the pure component molar volumes:
Equation (4) is used to compute the average molar volume of the mixture, whereṼ i ¼ MW i =ρ i and x represents the mole fraction of the gas solute in solution (MW i ; molecular weight of component i). The volume of the gas expanded liquid phase can be computed by Eq. (5), where V m is the volume of the liquid mixture:
Finally, the mass of the adsorbate (m a ) can be determined using Eq. (6) and can be substituted into Eq. (3) to compute the volume expansion corrected solubility value:
A series of volume expansion measurements were conducted using three ionic liquids and two compressed gases to study the ability of the model to approximate mixture molar volume (i.e., volume expansion). Figure 4 displays the mixture molar volume of the IL + compressed gas as a function of gas solubility. The experimental results demonstrate three important conclusions. First, Eq. (4) computes the experimental molar volume for an IL + gas binary system at pressures up to 2.0 MPa with a maximum deviation between 
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the computed and experimental data points of less than ± 2%. The accuracy of the model alleviates the need to experimentally measure the volume expansion of each gas + IL system studied in the gravimetric microbalance. Second, the molar volume of the mixture is primarily dependent on gas solubility. This result is particularly important because the pure component density of the gas is only available at temperatures below the critical temperature (T c ). Therefore, at conditions where the sample temperature is greater than the critical temperature of the gas, one can adequately use mixture molar volume results from subcritical temperature measurements for the gas + IL pair. Fig. 4 . The experimental results shown in Fig. 4 were obtained at pressures up to 0.89 and 2.0 MPa with R-22 and CO 2 , respectively. In this pressure range, the average molar volume calculation was accurate to within ± 2% of the experimental data. However, at high pressures (P > 2.0 MPa), experimental mixture molar volume data deviated from the model. For instance, the mixture molar volume of the [hmim][Tf 2 N] + CO 2 system was measured at pressures up to 6.0 MPa using a volumetric view cell. 123 At the highest pressures, the model underpredicted the mixture molar volume by approximately 7%, likely due to nonideal mixing properties of the solution. Volume expansion (i.e., mixture molar volume) is a secondary adjustment for IGA microbalance measurements and is incorporated into the buoyancy correction. Therefore, small errors in the calculation of mixture molar volume do not significantly impact the calculation of gas solubility. For instance, a 10% change in the mixture molar volume changes the computed gas solubility by ± 0.1 mol.%.
III. DYNAMIC VAPOR SORPTION ANALYZER (IGAsorp)
Hiden IGAsorp combines humidity and temperature control with precise weight change measurements. The instrument was first introduced in 1997 and has been used for a variety of applications. Analysis of the equilibrium and kinetic measurements allows for material characterization of solid and liquid samples, such as measuring the solubility of water and organic vapors and calculation of mass transfer coefficients.
Fundamental, NASA funded, research conducted by Robertson and Bish investigated the stability of perchlorates when exposed to water. The IGAsorp results indicated that the perchlorate hydration state changes at select phase transitions which was used to indicate a potential source of water on Mars. 124 The IGAsorp has also been used for quality control studies in the pharmaceutical, electronics, and construction industries to understand the impact of moisture on water sensitive products. For example, pharmaceutical researchers have used the IGAsorp to study the interaction of moisture with layered materials. The results showed that water reduces the integrity of adhesion between bilayer tablets. 125 Scientists have also measured the surface of polyethylene terephthalate films treated with amines using Hiden's IGAsorp, assessing the moisture capacity and biocompatibility of the products. 126 The IGAsorp has also been used to investigate the moisture sorption capacity of electromechanical materials whose dielectric properties can be significantly impaired at high water content. [127] [128] [129] Researchers at the Forest Products Lab have used the IGAsorp to measure the water vapor permeance in their innovative paper layered insulation system. 130 In addition to observing direct moisture trends, researchers have also used the IGAsorp to calculate the mass transfer coefficients of water in polymers such as polydimethylsiloxane and polyurethanes [131] [132] [133] [134] and in residential materials such as insulations.
130,135
The IGAsorp is an ultrasensitive electrobalance with 0.05 μg resolution and a 1 g weighing capacity. It operates at temperatures ranging from 278 to 573 K (with the optional preheater) and ambient pressure. Similar to the IGA microbalance (Sec. II), the IGAsorp has a sample side (i) and a counterweight side ( j), as shown in Fig. 5 . On each end of the balance beam, a tungsten hook connects to a gold chain. At the opposite end of each gold chain, a second tungsten hook connects the counterweight and the sample cup. The counterweight is made of stainless-steel wire, and different types of sample cups are available depending on the application. For solid samples, a cone-shaped mesh container is used, which allows vapor to contact increased sample surface area. Additionally, a Pyrex glass bulb is used to study liquid samples. Both containers are shown in Fig. 5 .
Relative humidity (% RH) is controlled within the IGAsorp by measuring a combination of dry and wet nitrogen (N 2 ) streams. Dry N 2 enters the instrument and is divided into two streams. The flow rate of each stream is controlled using an MFC. One of the N 2 streams passes through a solvent reservoir, where it is saturated with the solvent at a set temperature. The dry N 2 then combines with the wet N 2 , and the mixed stream flows into the sample chamber. A relative humidity sensor with a measurement accuracy of ± 1% RH from 0% to 90% RH and ± 2% RH from 90% to 95% RH and a platinum RTD temperature probe (± 0.1 K) located inside the sample chamber provide proportional integral differential feedback control to the MFCs.
The IGAsorp uses different modes to operate over a broad range of relative humidities. The conventional method is the "climate mode" which uses a flow rate of 250 ml/min N 2 and is optimal for measuring relative humidities ranging from 2% to 95%. Alternatively, the "climate XT" mode is used for measurements at low humidity conditions (0-5% RH) and uses a flow rate of 500 ml/min N 2 . In climate mode, the 050801-6 Minnick et al.: Gas and vapor sorption measurements using electronic beam balances 050801-6 sample chamber is controlled by a water bath for temperatures between 278 and 358 K (± 0.05 K) and by a heater (which is included with the IGAsorp-XT or as an accessory to the IGAsorp) for measurements at temperature up to 623 K (±1 K). The solvent reservoir temperature is regulated only by the water bath. In climate mode, the sample chamber and the solvent reservoir are controlled at the same temperature using the water bath. Consequently, in controlling the humidity, the percent of wet flow rate (wet flow/total flow × 100%) will be similar to the % RH. Climate XT mode uses a different approach, as it controls the temperature of the solvent reservoir using the water bath but controls the sample chamber temperature using the heater. This method allows the IGAsorp to reach low humidity values while maintaining a sufficient vapor flow rate. Importantly, the HIsorp software program intelligently controls the IGAsorp reservoir temperature to achieve the target flow rate and relative humidity conditions. In addition to data acquisition and control, the HIsorp software predicts sorption equilibrium in real time. The default method uses the Linear Driving Force exponential model, shown below:
where y is the total weight of the sample including the sorbed species, y 0 is the initial weight, Δy is the weight change, t is the time, t 0 is the initial time, and k L is the mass transfer coefficient. The predictive model reduces experiment time, as the thermodynamic IGAsorp measurements are done at atmospheric pressure and can take days to weeks to reach equilibrium.
Microgravimetric balances are extremely sensitive instruments and measurement error can easily be introduced through buoyancy changes and electrobalance disturbances. Not correcting for these errors can lead to large inaccuracies in mass measurements (0.1-5 mg). 136 The IGAsorp design minimizes experimental error. For instance, temperature and pressure fluctuation effects on the electrobalance can essentially be ignored as the balance housing is kept at 343 K (± 0.1 K) and is constantly purged with dry nitrogen to prevent humidity changes near the balance beam. Additionally, drag effects can be assumed negligible as the sample cup is tarred under flowing nitrogen gas. This environment is identical to what is used when obtaining sample measurements suggesting that the only observable mass difference must be due to the sorption of the solute. Finally, the buoyancy is corrected using a force balance and the volume expansion is accounted for assuming additive molar volumes, as discussed in Sec. II. Two opposing forces act on each IGAsorp component: gravimetric force (F G ) and buoyant force (F B ). F G is directed downwards, while F B is an upward force exerted on an object which is equivalent to the volume of fluid displaced. According to Archimedes' principle, buoyancy can be determined using the following equation:
Equation (8) indicates that the buoyancy (F b ) is a function of the temperature and the concentration of the vapor displaced, which is directly related to % RH. The density of the surrounding gas, ρ g , is estimated using a mole fraction average of water and nitrogen, as shown in Eq. (9), where P T is the Table II . Inset (a) stainless-steel mesh container used for solid samples and (b) Pyrex bulb in a sample holder used for liquid samples.
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The partial pressures of water and nitrogen are determined by the relative humidity and temperature conditions, as shown in Eq. (10):
where P 0 (T) is the saturated pressure of water at a specific temperature and is estimated with REFPROP v.9.1 122 using the formulation by Wagner and Pruß. 137 Equations (8) and (9) are applied on the balance components listed in Table II. The  temperatures of each component are also included in  Table II , and the temperatures for the sample and counterweight chains are described as "T Profile i" and "T Profile j", respectively. Due to the length of the gold chain and its position between different temperature regulated regions in the IGAsorp, the chains are best expressed as having a temperature gradient like those that were described earlier for the IGA balance in Sec. II.
The mass balance for the IGAsorp components is shown in Eq. (11) (where the gravity terms have been canceled out):
Equation (11) includes the sample side components (m i ), the sample (m s ), and the absorbed water (m a ), as shown by the first three terms. The buoyancy effect for these components is subtracted in the next three terms. The contributions by the gravimetric forces on the counterweight side j are subtracted, and the buoyancy contributions of side j are added. Finally, a correction factor term is included to account for the instrument error, and the overall equation results in the mass reported by the IGAsorp (m IGAsorp ).
Since we assume that the volume is additive (as mentioned in Sec. II), Eq. (11) incorporates volume expansion in the third and fifth terms on the right hand side of the equation. The correction factor, C f , is determined for each temperature and relative humidity point by recording the balance results without a sample. Once C f is determined, one can solve for m a from Eq. (11). Water and temperature can have a large effect on the physical properties of ILs such as viscosity, 138, 139 electrochemical properties, and their solvation effects. 140 The sorption and desorption of water in 1-butyl-3-methylimidazolium acetate [bmim] [OAc] at 298.85, 300.15, and 315.15 K from 0% to 25% RH has been recently measured by our group. The results for mole fraction of water absorbed as a function of water partial pressure are shown in Fig. 6(a) . Our studies clearly show that the sorption of water in [bmim] [OAc] is reversible, with no hysteresis, as the sorption and desorption points agree within 0.2%. The results additionally demonstrate the precise and reproducible measurement ability of the IGAsorp instrument. Similar trends are observed when the data are plotted as x w versus % RH, as shown in Fig. 6(b) , indicating that the sorption of water in [bmim] [OAc] is solely dependent on the ratio of the water vapor pressure to the saturated water vapor pressure. The uncertainty in solubility measurements was < 0.06 mol.%. The IGAsorp error for the 0-25% RH range is ±1% RH, which is equivalent to ± 82 Pa water partial pressure at 315.15 K.
Other groups have also studied the sorption of water in ILs using the IGAsorp. Dahi et al. compared the effects of different cations and anions on water vapor sorption over a wide range of water activity. 141 They also used the IGAsorp with organic solutes to investigate the separation capabilities of supported ionic liquid membranes for water and other organic vapors including cyclohexane and ethanol. 142 In summary, water is ubiquitous and its impact on materials is yet to be fully understood. Gravimetric vapor sorption 
analysis is a highly accurate experimental method for assessing the interaction between water and materials.
IV. XEMIS GRAVIMETRIC MICROBALANCE
The XEMIS microbalance is a new design by Hiden which incorporates a magnetically coupled balance allowing higher operating pressures (up to 20 MPa) and the ability to test corrosive gases. The name XEMIS comes from The Greek goddess Themis who holds the scale of justice and whose name means "divine law." The unique symmetric design reduces buoyancy effects and improves measurement accuracy without compromising resolution or stability.
The first studies published using an XEMIS microbalance were by Adeniran and Mokaya in 2015, who investigated CO 2 and H 2 adsorption in carbon nanotubes. 63, 70 The XEMIS balance measurements at 77 and 298 K were found to be in good agreement with those obtained using an IGA microbalance at pressures up to 2 MPa. 63, 70 The XEMIS has also been used for studying CO 2 , H 2 , and CH 4 gas storage in a variety of materials ranging from hydrothermally carbonized biomass (hydrochar) to highly porous MOFs. [143] [144] [145] The XEMIS has also been used to study gas adsorption in a variety of polymeric membranes for separation applications. [146] [147] [148] [149] [150] [151] [152] The XEMIS can operate over a broad temperature range (77-773 K) and the balance can hold a maximum sample weight of 5 g. The maximum sorption capacity is 200 mg with a weighing resolution of 0.2 μg. The XEMIS, similar to the IGA, can be operated in both "static" and "dynamic" modes. The static mode uses a pair of admit and exhaust valves to regulate pressure, similar to the IGA. The XEMIS can also be set up to handle mixed gas streams. In dynamic mode, a set of mass flow controllers regulate the pressure with automatic switching between inlets to adjust the composition of the mixture. In this mode of operation, the XEMIS can be connected to an on-line mass spectrometer to analyze the gas expelled from the system through the dynamic sampling port (DSP). The DSP comes with a pressure reduction option which reduces pressure to 1 atm (0.1 MPa) when the XEMIS is operating at high pressures. The balance can also be set up for vapor measurements (water or organic solvents) similar to the IGA.
The XEMIS system consists of a balance cabinet, control system, vacuum pump, heating and cooling units, and computer. The cabinet houses the magnetic suspension balance and is held at a temperature of 313.15 K to maintain the balance stability. The cabinet is mounted to the floor on a frame which is designed to minimize vibration. Beneath the balance cabinet are two equal size stainless-steel vessels which contain the sample cup (right side) and counterweight (left side). Gantries inside the vessels support the temperature sensors and protect the hangdown wires. The internal volume of each vessel and the overall volume of the system are approximately 88 and 450 cm 3 , respectively. The small internal volume of the XEMIS balance reduces the amount of gas required for each experiment. The control system consists of a temperature control unit, computer interface, valve drivers, and gas handling system. A flow control system can also be added for dynamic mode operations. The control system provides the interface to Hiden's HIsorp software which allows users to easily setup an individual isotherm or sequential experiments including pre-and post-treatments (heat, vacuum, etc.). The interface has real-time processor functions, high resolution graphics with user specific display options, and simple task symbols for easy operation. The HIsorp software also provides warning messages to minimize errors during setup. Experimental data can also be analyzed using the HIsorp software even when the experiment is in progress.
The vacuum system consists of an oil-free backing pump and a turbopump. For normal operations, the backing pump reduces the system pressure to about 10 −2 MPa and the turbomolecular pump can reduce the pressure down to 10 −10 MPa. The XEMIS can be set up with a standard furnace (up to 773 K), cryofurnace (down to 77 K), and water bath (278 to 358 K) with temperature regulation accuracy from ± 0.05 (water bath) to 0.1-1.0 K (furnaces). The XEMIS can also be equipped with multiple sensors for accurately measuring pressure over both low (up to 2 MPa) and high (up to 20 MPa) ranges with an accuracy of 0.04% of transducer range. The upper pressure limit can be specified by the user and if the condition is exceeded, the experiment will stop. In addition, the XEMIS microbalance contains both low and high pressure relief valves as an additional safety precaution.
A schematic of the XEMIS is shown in Fig. 7 with a description of the components which are used in the force balance equation (see Sec. II) provided in Table III . Stainless-steel and nichrome hangdown wires connect the sample and counter weight to the balance. Similar to the IGA, the XEMIS has various size Pyrex containers for liquid samples and stainless-steel micromesh cone containers for solid samples. The microbalance beam is magnetically levitated and is controlled by the exodrive and exosensor mechanisms which are placed outside the pressure chamber, allowing corrosive gases to be tested.
The same methods for correcting buoyancy and volume expansion described in Sec. II are used for the static mode operation of the XEMIS. To minimize the impact of drag forces (F d ) when operating in dynamic mode, Eq. (12) can be included in the buoyancy calculation:
where C d is the drag coefficient, v is the gas velocity, A is the effective cross-sectional area for the object in the gas flow, and ρ g is the gas density. The solubility of CO 2 in the IUPAC reference ionic liquid [hmim][Tf 2 N] was measured using the XEMIS microbalance at 293.15 K over a pressure range from 0 to 5 MPa. The experimental results were in excellent agreement (< 0.5 mol.%) with volumetric measurements by Kumelan et al. 120 as shown in Fig. 8 .
Time dependent absorption data can also be simultaneously collected in addition to equilibrium solubility for the XEMIS, IGA, and IGAsorp microbalances at each temperature and pressure point. The processes of gas absorbing in a liquid may be highly complex because of possible evolution of heat of mixing, the subsequent liquid convection due to the local temperature difference, as well as the free convection due to the density difference, and the possible change in thermophysical properties of the liquid. 153 However, the effect of such complex phenomena can be minimized with a well-designed experimental setup. Here, we make the following assumptions for the absorbed gas:
(1) Gas absorbs through a one-dimensional (vertical) diffusion process, in which there is no convective flow in the liquid. (2) A thin boundary layer between the gas and liquid phases exists, where the thermodynamic equilibrium is instantly established with the saturation concentration (C S ), and where the concentration is constant at all times at a given temperature and pressure. (4) The gas-dissolved liquid is a highly dilute solution, and so the relevant thermophysical properties of the solution do not change.
Under these criteria, the process may be described by onedimensional mass diffusion due to the local concentration difference. The governing differential equation (Fick's second law) is
with Initial condition:
Boundary conditions: C ¼ C S when t . 0 and z ¼ 0,
where C is the concentration of a dissolving substance in an ionic liquid as a function of time, t, and vertical location, z, where L is the depth of the IL in the container, and (z ¼ 0) corresponds to the vapor-liquid boundary. C 0 is an initial homogenous concentration of the dissolving gas and is zero (initially) or a small finite amount at t . 0. D is the diffusion coefficient that is assumed to be constant. Equation (13) can be solved analytically for the initial and boundary conditions [Eqs. (14)- (16)] using a standard method such as separation of variables or a Laplace transform which yields
where λ n ¼ (n þ 1=2)π=L. The total concentration (or mass) of dissolved gas in an ionic liquid is an experimentally observed quantity at a specified time and is different from the concentration profile in z. This space-averaged concentration at a given time, kCl, can be calculated using Eq. (18): Although Eq. (19) contains an infinite summation, only the first few terms (i.e., n = 10-20) are needed for most applications, except for initial small time periods. For most cases, the summation is terminated after ten terms when the numerical contribution to the summation in kCl becomes less than 10 −12 . Analyzing experimental data with this equation, can obtain the saturation concentration (C s ) and diffusion constant (D) at given T and P, when C 0 is known. However, the analysis requires nonlinear regression, and the best fit is obtained by choosing the proper value for C 0 .
The above model was applied to CO 2 absorbing into and the calculated saturation concentration C S = 1.79 ± 0.01 mass percent (or 15.6 ± 0.1 mol.%). The calculated height was L ¼ 0:434 mm. The 0.5 MPa set-point is the second pressure set-point to be measured at 293.15 K; therefore, the percent mass absorbed (C 0 ) begins at 1.11 mass percent (not zero as shown in Fig. 9 ) due to prior absorption at earlier setpoint. In the case given where the sample has been thoroughly evacuated and is ramping to the initial pressure setpoint, the initial concentration is C 0 = 0. For all other cases, some amount of time is required to ramp in pressure to the next set-point. During the ramp time, the balance weight decreases due to the buoyancy effect which increases with pressure while simultaneous absorption is occurring. The model can only be properly applied once the pressure setpoint is reached, at which point (C 0 ) is not precisely known, in this case the previous value result for (C S ) provides a starting value.
V. SUMMARY
Simple balances have been used for thousands of years. Today, high-precision electronic microbalances can measure extremely small mass changes as a function of temperature, pressure, and gas composition. Hiden Isochema manufactures three automated gravimetric microbalances (IGA, IGAsorp, and XEMIS) for measuring gas and vapor sorption over a wide range in temperature and pressure conditions. This review provides a detailed description of these three instruments and some recent results measuring CO 2 and H 2 O sorption in ILs.
